a b s t r a c t DNA marker-assisted selection (MAS) has become an indispensable component of breeding. Single nucleotide polymorphisms (SNP) are the most frequent polymorphism in the rice genome. However, SNP markers are not readily employed in MAS because of limitations in genotyping platforms. Here the authors report a Golden Gate SNP array that targets specific genes controlling yield-related traits and biotic stress resistance in rice. As a first step, the SNP genotypes were surveyed in 31 parental varieties using the Affymetrix Rice 44K SNP microarray. The haplotype information for 16 target genes was then converted to the Golden Gate platform with 143-plex markers. Haplotypes for the 14 useful allele are unique and can discriminate among all other varieties. The genotyping consistency between the Affymetrix microarray and the Golden Gate array was 92.8%, and the accuracy of the Golden Gate array was confirmed in 3 F 2 segregating populations. The concept of the haplotype-based selection by using the constructed SNP array was proofed.
Introduction
By 2050, the world population is expected to surpass 9 billion. To address the monumental challenge of feeding 9 billion, a 70% increase in global agricultural production has to be reached [ [1] , http://faostat.fao.org/default.aspx]. Rice is one of the most important food crops, providing up to 76% of the caloric intake in Southeast Asia and up to 23% of the caloric needs worldwide [2, 3] . Increasing rice production, therefore, would play a key role
Abbreviations: QTL, quantitative trait loci; SNP, single nucleotide polymorphism; MAS, marker-assisted selection; SSR, simple sequence repeat; BX, BeadXpress; OPA, oligo pool assay; InDel, insertion/deletion.in efforts to secure the world food supply. Superior rice varieties with high yield, good eating quality, pest and disease resistance and other good agronomic characteristics have been developed by traditional breeding. However, there is still a continuing demand for new varieties that would further improve rice production. To this end, gene pyramiding has been an efficient breeding strategy that allows incorporation of multiples genes of agronomic importance into a single variety [4] .
Currently, a number of useful genes or quantitative trait loci (QTLs) that are related to agronomical traits have been identified. Genes controlling yield-related traits such as panicle or seed shape [5, 6] , as well as biotic stress resistance genes that can be used to rationally manage rice pests and diseases [7] [8] [9] have been identified and cloned. DNA markers are now available to precisely select useful alleles for these traits and pyramid them in rice.
With the development of DNA techniques, marker-assisted selection (MAS) has become an indispensable component of breeding. MAS not only eliminated the extensive trait evaluation involved Table 2 . b "/recipient" indicate the varieties which will be potentially used as recipients or genetic backgrounds. c Allele were confirmed by sequencing and QTL analysis (data not shown)
in gene pyramiding but also reduced the breeding duration for a variety. DNA markers such as restriction fragment length polymorphism (RFLP), simple sequence repeat (SSR), and single nucleotide polymorphism (SNP) have been used in MAS, with SSRs being the most common marker of choice due to their abundance in the genome, robustness, reproducibility, and low cost. SNPs, on the other hand, have not been used as extensively in breeding programs because of the difficulty in their detection. Thus far, the application of SNPs in marker-aided breeding has entailed laborious and complicated techniques such as allele-specific PCR [10, 11] or restriction-enzyme based methods like cleaved amplified polymorphic sequence (CAPS) [12] . In spite of this, the utilization of SNPs as molecular markers for breeding is becoming a real possibility. SNPs make up the largest amount of DNA polymorphism in the eukaryotic genome and hence can be used more rationally in marker-based breeding [13] [14] [15] . In rice, 1.7 million SNPs have been detected by comparative analysis of the draft genomic sequences of cv. Nipponbare (japonica) and 93-11 (indica) [16, 17] . A vast amount of information on 160,000 high-quality rice SNPs is also now available in OryzaSNP [18] and in newer databases that serve as repositories for the vast amount of information generated from the 3000 rice genomes project [19] .
As for SNP detection, modern SNP genotyping techniques are enabling automated, multi-loci allele calling in many samples at a time [13] . In recent years, there has been a shift from the use of the microarray platform towards the use of Illumina's Golden Gate technology for SNP detection [20] [21] [22] [23] . The Golden Gate technology is based on allele-specific extension and ligation, and can genotype 1536 SNPs on 96 samples in its original format [24] . This gives the advantage of an efficient, high-throughput marker system with lower cost per data point unlike the microarray-based method, which might be advantageous in detecting a large number (more than 40,000) of SNPs, but is too expensive for breeding purposes.
The highly automated Golden Gate-based method also requires only a minimum quantity of DNA, allowing selection in the seedling stage before transplanting. More importantly, the Golden Gate system offers the advantage of haplotype-based selection because it can simultaneously detect appropriate numbers of multiple SNPs for MAS or more SNPs).
In the present study, we developed a MAS system based on SNPs. As a first step, the whole genome SNP information for 31 rice lines that were selected for the authors' breeding project was collected using the Affymetrix's SNP microarray [14, 25] . The SNPs within the genomic regions that are linked to 16 target genes were then converted to Illumina's Golden Gate Veracode oligo pool assay (OPA). The quality of SNP detection and the application of the SNP array for haplotype-based MAS were confirmed using 24 parental lines out of the 31 varieties, and early breeding populations.
Materials and methods

Plant materials and target genes
Thirty-one rice varieties that were selected for the authors' breeding project, Wonder Rice Initiative for Food Security and Health (WISH) were used in this study. WISH is a breeding program that aims to improve the yield and biotic stress resistance of existing rice varieties that are preferentially grown by farmers for their inherent adaptation to a wide range of environments. The 31 varieties contain the donors of 16 target genes and potential recipient varieties, which are leading varieties, high-biomass varieties, or varieties with abiotic stress tolerances, and 1 variety with unidentified insect resistance gene(s) ( Table 1) .
A total of 16 target genes controlling yield-related traits and pest resistance are listed in Table 2 . The map positions of the cloned genes were assigned using the Nipponbare genomic The genomic positions of the genes that are not yet cloned were determined based on available public information or data obtained by the authors. Alleles for GW2 and GS3 were discriminated by using PCR-based method. All of the 31 varieties carry small allele of GW2, and 7 varieties carry long-allele of GS3. Functional alleles of qSW5 were known in not all varieties. For reducing redundancy, GW2, GS3 and qSW5 are not indicated in Table 1 .
DNA microarray analysis (Rice 44k SNP genotyping array)
Rice genomic DNA was extracted from young, green leaf tissue using the DNeasy Plant Mini Kit (QIAGEN). Hybridization and signal generation using the GeneChip Rice 44k SNP Genotyping Array (Affymetrix) were conducted following the methods of [25] . Fluorescence intensity was detected using the GeneChip Scanner 3000 7G. ".CEL" files containing signal intensities were obtained.
The genotypes of the 31 varieties were called using the ALCHEMY program [42] following the methods of [25] .
Determination of SNP markers for custom Golden Gate assay
To select the SNP markers to be converted into Golden Gate assay, graphical genotypes based on the microarray data were first made visible using the Flapjack program [43] . The haplotype (pattern of SNPs) information from approximately 200 kb upstream and downstream regions of the target genes was then collected. SNPs with low quality, i.e. low call rate were removed and haplotypes that were as unique as possible to the useful alleles of the target genes were visually selected, taking into consideration the distance to the gene positions and balance of the minor allele frequencies. Up to a total of 22 SNP loci were chosen for each target gene.
The positions of the selected SNP sites were corrected based on the reference sequence available at IRGSP1 [http://rapdb.dna.affrc. go.jp/] and flanking sequences on the microarray (17 + 17 bases) for each SNP sites were verified using the information available from the Rice Diversity project website [http://ricediversity.org/data/ sets/44kgwas/]. Additional flanking sequences (200 + 200 bases) were obtained from the reference Nipponbare genome and were used for designing the Golden Gate OPA. Functional nucleotide polymorphism (FNPs) for the genes, GW2 (2 SNPs), GS3 (1 SNP) and pi21 (1 insersion/deletion (InDel)), were directly used to design the OPA.
The assay design tool (ADT) provided by Illumina was used to design the custom OPA. A total of 143 SNPs comprise the final version of the custom OPA.
Golden Gate assay
To verify the preciseness of the custom OPA, the 24 varieties which covered all of the 16 genes and LG10, the donor of GW2, were genotyped with the Golden Gate assay using the Illumina BeadXpress instrument following the manufacturer's instruction. The same DNA samples used in the microarray analysis were used. Genotypes were called using the Genome Studio Genotyping Module version 1.8.4 (Illumina). SNPs with low dispersion in genotype clusters (GC10 less than 0.5) were removed.
Verification of the feasibility of custom Golden Gate OPA using segregating populations
To confirm the feasibility of the custom Golden Gate OPA, 3 F 2 populations from the crosses ST12 x IRBB4/5/13/21, T65BPH25/26 x ST12 and ST6 x T65GRH2/4/6 were used. DNAs of 12, 15 and 15 plants, respectively, from each of the 3 F 2 populations were extracted and genotyped using the custom SNP array. Using the same DNA samples, genotypes at the GN1indel (primer pair: 5 -CCTTGTCCCTTCTACAATGG-3 and 5 -AGTTGAGCATGAGGAGCACT-3 ) and RM5493 ( [44] , primer pair: 5 -GCGGTAACAAACCAACCAACC -3 and 5 -AAAGCAGGACACAGTCACACAGG -3 ) loci of all samples were determined by PCR and electrophoresis of PCR amplicons on 4% agarose gel. GN1indel is located at 5275477-5275606 bp within the coding region of Grain Number 1a (Gn1a) on rice chromosome 1, whereas RM5493 is approximately 750 kbp downstream of the Wealthy Farmer's Panicle (WFP) locus on chromosome 8. Concordance between the genotypes of samples generated using the custom SNP array and the two PCR markers were compared to verify the accuracy of the SNP array.
Results
SNP survey using microarray
Whole genome SNP analysis of the 31 parental varieties that were previously selected for the authors' breeding program was conducted using the Rice 44k SNP Genotyping Array which can detect 1 SNP per 5 kb genomic DNA [14, 25] (Table 1 , Supplementary information 1). Because the Affymetrix's genuine BRLMM-P (Beyesian Robust Linear Model with Mahalanobis with perfect match) basecaller program was not applicable for rice and not appropriate for this small population size, the authors employed the ALCHEMY program [25, 42] . Using the same parameters (call rate >70%, minor allele frequency >1%) for the informatics, a comparable number of high-quality SNPs (34,985) were obtained in this study (vs 36,901 in [25] ).
Selection of SNPs
Linkage disequilibrium (LD) of SNPs within the subspecies groups of Oryza sativa has been reported to be greater than 500 kb in template japonica, 150 kb in tropical japonica, and 75 kbp in indica [45] . The rice genome is approximately 389 Mb [46] and linkage maps typically contain approximately 1500 cm [47, 48] . Therefore, 1 cm (one recombination per 100 meiosis per chromosomes) in rice is considered to be approximately 260 kb. Based on this consideration, the authors defined the 200 kb region upstream and downstream of the target gene as the haplotype block to allow selection for target alleles with sufficient precision. For example, a total of 10 SNP markers representing the haplotype of the WFP-ST12 allele were selected (Fig. 1) . In the same manner, the SNP markers for 4 other cloned genes, Gn1a (12 SNPs), qSW5 (10 SNPs), APO1 (10 SNPs) and Xa21 (9 SNPs) were selected by graphical genotyping. Because the causal mutations (SNPs or insetion/deletions) for GW2, GS3, and pi21 are already known [27, 29, 30, 32] , these sites were directly used to design the custom array. For genes that are not yet cloned, linkage map information was used. For example, Ovc is located near the RFLP marker R1954 on rice chromosome 6 [35] . Therefore, the haplotype surrounding R1954 (±200 kb) was used for the custom array. SNP sites of the remaining genes were considered based on publicly available literature and additional mapping information obtained by the authors (data not shown). Using linkage, the accuracy of SNP selection (markers within 5 cm) was estimated to be higher than 95%.
Custom OPA design
Selected SNPs from the haplotype blocks of each of the 16 target genes were regarded as first step candidates for SNP markers. ADT scoring was conducted using the first step candidate markers and markers with low ADT score (< = 0.5) were replaced with other possible SNPs. A total of 143 sites including 142 SNPs and 1 InDel were converted to Golden Gate custom OPA (Illumina OPA ID: VC0014297-OPA, Table 2 , Supplementary information 2).
Comparison of microarray and Golden Gate genotypes
In the SNP microarray analysis, genotype calls using ALCHEMY gave an output in an [AA, AB, BB] format. The AA indicates an allele that is identical with that of the reference Nipponbare genome. In the present study however, the data obtained from Nipponbare contained BB. This may be due to diversity within the variety probably because the sample was maintained at Nagoya University. The genotype calls using the Genome Studio software were converted to [AA, AB, BB] format (Supplementary information 3) before the results from microarray and Golden Gate array were compared ( Fig. 2 and Supplementary information 4) .
The call rate of the parent varieties by the custom OPA was 98.5% (Supplementary information 3) . The comparison of haplotypes obtained for the WFP gene is shown in Fig. 2 . In the 24 varieties tested, and when considering 139 SNPs designed from the Affymetrix SNP microarray, the rate of genotype concordance between SNP microarray and Golden Gate array was 95.2% (Supplementary information 4). This reduced rate is because of the presence of low (or medium) quality SNPs in the custom OPA, 23 out of the 139 SNPs contained missing data greater than 10% (>2 missing data) among the 24 varieties. This is remarkable in the SNPs covering Xa4 gene, 7 out of the 8 SNPs showed consistency in less than 16 out of the 24 varieties. If the SNPs for Xa4 were removed, the consistency was improved to 97.6%. The 2 FNPs for GW2 and one FNP for GS3 was precisely detected and corresponded to genotypes obtained based on PCR (data not shown). The FNP for pi21 (21 bp InDel [32] ) was not successful in the custom OPA. On the whole, the results indicate that genotype data obtained from the custom Golden Gate OPA is consistent with that of SNP microarray. The custom OPA enabled haplotype-based or FNP-based MAS in a total 14 genes out of the 16 target genes (excepting for pi21 and Xa4).
SNP genotyping using F 2 populations
Because Gn1a and WFP significantly change the panicle shape [24, 37] and suitable for haplotype-based selection because causal mutations are not known, three F 2 populations that segregated these 2 genes were picked up and used for the verification of the SNP array in actual segregating populations. The genotypes of the 3 F 2 populations were summarized in Fig. 3 . The 4 SNP markers, id1004195 to id1004310, co-segregated with GN1indel. One out of the 15 F 2 plants from T65BPH25/26 x ST12 showed recombination between id1004146 and id1004198. One recombination was observed between id1004230 and id1004310 in the ST6 x IRBB4/5/13/21 F 2 population. Three out of the 27 plants (ST12 x IRBB4/5/13/21 and T65BPH25/26 x ST12 crosses taken together) possessed recombination between the likely WFP genotypes and RM5493, and 1 recombination was observed within the SNP markers id8006925 and id8006944. We thus conclude that the SNP markers detected using the custom OPA showed a good co-segregation to PCR-based markers and sufficient for the use of MAS. 
Discussion
MAS is a common technique used in rice breeding programs. To this day, PCR-based marker systems are the most commonly used for MAS. However, the PCR-based markers, in combination with electrophoresis have the disadvantage of low throughput. Only several markers at most, could be detected in one PCR reaction and conventional electrophoresis lane. This limits the application of the marker system for "foreground" selection only of a few target genes. The practical use of multiplex marker has long been awaited, but its realization has been prevented by the lack of technology that would cut both costs and processing time. Recently, "breeders" SNP arrays have been developed for rice [20, 21, 22, 23] . These arrays are designed to cover a wide range of cross combinations in rice however, they are only suitable for "background" selection and are not targeted for specific genes.
Unlike the previously reported arrays [20, 21, 22, 23] , the SNP array developed in this study contains a SNP set targeting specific genes of interest, and first provide a platform for foreground MAS for multiple genes. The 95.2% match between the genotypic data obtained using microarray and the custom Golden Gate array is comparable with the previously reported 82% match [14] . SNP genotyping using segregating F 2 populations confirmed the accuracy of the custom array. The approach used in the present study can be used and applied to future breeding projects that require a new set of SNPs. The sequence diversity of rice is being intensively analyzed by various projects (e.g. [19] ). Therefore, the basic SNP information that is similar to those generated in this study using microarray will be available through public databases in the future.
Elimination of additional experimentation for SNP discovery will allow faster design and fabrication of custom arrays.
In this study, functional nucleotide polymorphisms (FNPs) for GW2, GS3 and pi21 were directly included in the custom array. The FNPs for GW2 and GS3 can be detected in the custom array. However, FNPs for most of the target genes, even in the cloned genes, have not been identified as in the case of WFP. WFP was cloned as a gene controlling the number of primary branches per panicle, but the FNP responsible for increased number of primary branching remains unknown [39] . In this case, it is difficult to find a DNA marker that would segregate with the useful allele. The haplotype selection approach is useful in such a case because the useful allele can be monitored using a set of SNP markers encompassing the target loci. Multiplexed SNP markers are considered to be suitable for this purpose, enabling a versatile SNP array work in various cross combinations.
The SNP array constructed in the present study is useful in constructing a set of NILs that are suitable for trait evaluation because the SNPs can be used to select useful alleles in a wide range of genetic backgrounds. The tightly linked set of SNPs can also be used for dissecting "linkage drag". In the present study, some recombinants within the haplotype regions were detected (Fig. 3) . This indicates that the haplotypes around the target genes can be utilized for the fine genetic dissection of regions near the target genes. A typical case of a linkage between a useful gene and a harmful gene was reported in [32] . If a large segregating population is available, the SNP array can be readily used to construct an NIL with a very small introgressed chromosome segment from the donor parent. The simultaneous detection of useful alleles potentially allows a dramatic decrease in labor and time required to develop pyramid lines. Development of DNA markers has allowed gene pyramiding (e.g. [31, 34, 35, 49] ). In the initial concept of gene pyramiding, nearisogenic lines (NILs) for each of the target genes must be generated before the construction of pyramiding lines [4] . This requires the laborious, repeated selections and crossings to generate NILs. Additional effort is also necessary to combine multiple genes into one line. The SNP array in this study has the potential to cut the time required to pyramid multiple genes into a single variety by directcrossing of gene donors and MAS in the progeny. For example, a multi-parent advanced generation inter-cross (MAGIC) population [50, 51] can be developed using relatively simple ways of crossing. From a MAGIC population, candidate lines with multiple useful genes can be selected using the SNP array. The low frequency of the desirable genotype can be overcome by the use of a large population. In addition, this method of direct pyramiding of useful genes will also contribute in increasing the genetic diversity in breeding materials.
However, cost for SNP detection is still expensive for most of the rice breeders. Currently the BeadXpress platform can process up to 96 samples at a time and the cost is still expensive for use in a breeding project. These limitations are potentially problematic when handling a large segregating population. The disadvantage of the GoldenGate system is in its high initial cost and low flexibility. Although the cost for 1 genotype per sample is comparable to PCR-based methods (data not shown), the one purchase of OPA becomes quite expensive (∼$10,000) and not acceptable for most of the local breeders. However, the potential of SNP markers for automated and simultaneous detection must be advantageous and will be expanded. It is expected that above limitation will be cleared by the use of next-generation sequencers (NGS). However, the targeted SNP detection with NGS still needs a complicated sample preparation method [52] . On the other hand, one of the NGS-based genotyping methods, genotyping by sequencing (GBS) is becoming common (e.g. [53] ). GBS enables multiplexing in both samples and markers (up to 768 samples and hundreds to thousands of markers in 1 NGS run) but is not suitable for targeting useful SNPs. It is still necessary for geneticists and breeders to choose a suitable genotyping platform in their breeding project. Wide use of the GoldenGate array might be limited because of the cost problem, so the SNP array will be used for monitoring whether the newly developed lines possesses some of useful allele or not, which is informative for further gene pyramiding and MAS.
To enhance rice production by new varieties, development of actual plant materials such as NILs is required to verify the effects of yield-improving genes. It should be considered that the effect of yield-enhancing genes such as Gn1a [26] , WFP [39] or APO1 [36] , are not confirmed yet in other genetic background and actual farmer's field. Therefore, these potential yield-improving genes should be tested in various genetic backgrounds. The "New Plant Type" approach [54] was based on the concept of increasing the "sink size", and the aforementioned yield enhancing genes are considered to be associated with sink size. Furthermore, a gene for increasing rice "source" ability have been recently reported [55] . Currently, scientists have a good technology for MAS, but efforts on actual material development are limited. The breeding project Wonder Rice Initiative for Food Security and Health (WISH) was launched by the authors' group, as an effort to provide prevarieties to rice scientists and breeders worldwide. In this project, Fig. 3 . Confirmation of co-segregation between SNP markers as detected using BeadXpress and PCR-based markers. Genotypes of individual F2 plants obtained from T65BPH25/26 x ST12, ST6 x T65GRH2/4/6 and ST12 x IRBB4/5/13/21, and parents were shown on the right. Locations of Gn1a and WFP and DNA markers are shown as physical maps on the left. Genotypes AA, BB, and -inidicate the same allele as Nipponbare, alternative allele and missing data, respectively. Genotypes with blue background are identical to ST12 or ST6, yellow are alternative allele, and green are heterozygous. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) the authors envision incorporating multiple useful genes (Table 2) to recipient varieties (Table 1 ) and generating pre-varieties for distribution. The anticipated pre-varieties contain two types of materials: (1) breeding materials with uniform backgrounds (i.e. sets of NILs / pyramid lines with multiple backgrounds) that provide more convenience to rice breeders because they can evaluate the effect of incorporated genes on their own breeding sites, (2) single line with many useful genes (i.e. highly-pyramided lines) that will be conveniently used because multiple genes can be incorporated to target varieties with a single cross, and (3) the SNP information for useful genes will be available. The versatile SNP array developed in this study will largely contribute in facilitating the breeding activity. Both plant materials and SNP arrays will be made available to help improve varieties that are adapted to various regions in the world.
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